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Abstract 

Analyzing CO2 emission inventories of 256 cities from 33 countries we find 
power-law correlations between the emissions and city size, measured in pop- 
!^ I ulation. The results suggest that in developing countries more CO2 per capita 

Y^ • is emitted in large cities, i.e. they tend to exhibit super-linear correlations 

^ ■ and doubling the population of any city implies up to 110% increase of emis- 

J>^! sions. For developed countries the results suggest the opposite, i.e. linear or 
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sub-linear correlations, implying better efficiency of large cities, doubling the 
population of any city implies only 80% increase of emissions. The transition 
occurs at approx. 10, 000$ GDP/cap. We derive how the total emissions of an 
>> ■ entire country relate with the power-law correlations and find that the size of 

the most populated city is dominating in the case of linear and super-linear 



O 



■^ I correlations. The size of the largest city has no infiuence in the case of sub- 

"^ I linear correlations. We conclude that from the climate change mitigation 

^ ' point of view, urbanization is desirable in developed countries and should 

ff^ ■ be accompanied by efficiency increasing mechanisms in developing countries. 
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More data acquisition is needed to support our empirical findings. 
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1. Introduction 



Cities are the place where most people live (IUNPDI. 120071) and the larges t 
part of current emissions is associated to urban areas ( iHoornweg et al.l . l201ll ). 
However, a generalization of the dirty and pollutant metropolis may be 
wrong considering the finding that various positive features, such as inno- 
vation or GDP, are more effective in large (we always refer to population 
when we speak about t he si ze of a city) cities compared to smaller ones 
( iBettencourt and Westl . |2010| ). Accordingly, it is of interest how city size 
and CO2 emissions are related, i.e. to which extent a similar synergetic ef- 
fect can be found. The o utcome could shed light on the question about 
sustainabi lity of urban life (IBettencourt and Westl . |2010[ ). 

While iDodmanI (120091 ) argues that per capita emissions from cities are 
lower than the corresponding country value. iHoornweg et al.l (120111 ) find that 
emissions on different scales vary considerably for the same resident depend- 
ing on whether pr oduction- or consumption-based figures are considered. 
Brown et al.l (120091 ) conclude that metropolitan areas can have large impact 
towards a climate friendly environment. 

Usually, proportionality between city size and city emissions is assumed, 
i.e. the more inhabitants, the more CO2 is emitted. However, this assumption 
has neither been verified nor disproved empirically, which is mostly due to the 
lack of city scale emission values. In case the linearity does hold, it could be 
used to estimate emissions of cities for which no data is available. Currently, 
linearity is assu med for downscaling emissions from country to hi gh resolution 
raster scale, e.g. ( JRayner et al.l . l2010l : IOda and Maksyutovl . l201ll ). In case the 
correlations between population and emissions are non-linear, the question 
emerges which form they follow and which factors determine their shape. 
Particularly interesting is the influence of the countries development. Since 
the standard procedure of emission reporting to UNFCCC is well established 
( llPCQ . 120061 ) . the analogous decomposition into emissions from cities could 
help to assess their sustainability, i.e. a reporting scheme for cities is needed. 

We investigate CO2 emissions versus city size of 256 large cities situated 
in 33 different countries. We relate the two quantities with a power-law, 
using the exponent 7 to characterize whether the emissions depend linearly, 
super- or sub-linearly on the city size, i.e. whether large cities emit more 
CO2 emissions per capita compared to small cities, or vice versa. In order to 
examine the influence of economic development, we check how the exponent 
of the power-law relates to the GDP per capita of the countries. We find 



a power-law relation between city size and emissions, whereas the exponent 
depends on the development of the country. Finally, we derive how the total 
emissions of a country depend on the size of the largest city. We conclude 
that a transition occurs at 7 = 1 from super- to sub-linear behavior, where 
the domination of the largest city is overcome. 



2. Data 

CO2 emission figures (we have used CO2 equivalent figures and use the 
notation CO2 for simplicity) were retrieved from collections of urban GHG 
emission inventories published in peer reviewed journals or reports from re- 
search institutes and non-governmental organizations. From the plethora of 
figures available we compiled a set of 256 per capita urban GHG emission 
figures from a variety of different GHGs methodologies, sources, and sectors. 
The emissions accounted for are converted to CO2 if necessary. 231 invento- 
ries (90%) explicitly include CO2 emissions albeit from varying sectors and 
sources. 25 (10%) inventories were unspecific about which emissions were 
accounted for. 136 (53%) inventories account for CO2 emissions, and a fur- 
ther 10 (4%) are ambiguous as to whether they account for additional CH4 
and N2O emissions 82 (32%) inventories account for all emissions covered by 
the Kyoto Protocol (CO2, CH4, N2O, SFg, HFCs and PFCs), and 3 (1%) 
inventories account for CO2, CH4, N2O only. 

Published figures were largely drawn from primary sources such as city 
inventories covering emissions in their territories. If necessary, figures were 
traced back to their original publication source for verification. The per 
capita emissi ons considered range from 0.1 t/cap for Rajshahi, Bangladesh 
ICLEll (120091) and 43.7 t/cap for Abe rystwyth, Wales (derived from lDore et al 
fl2006h and lCarbonTrustI fl2007/08l )l For 23 cities both city and metropoli- 
tan region figures availa ble were considered as they can diverge substantially 



(JHoornweg et al.l . 120111) 



( 12007/081 ) ■ iDore et al.l (120061 ) . and llCLEll (l2009h account for 248 of the in 



Publications bvlBrown et al.l (120081). iBrown et al.l (120091). iHoornweg et al. 
( 2011).lKerinedv et al.l ( 2009h . and lSovacool and Brownl (l2010l ) ICarbon Trust 



ventory figures (93%). 

A proposal for a principal standard for urban emission inventories has 
recently been suggested by C40 Cities Climate Leadership Group and ICLEI 
Local Governments for Sustainability in collaboratio n with World Resource s 
Institute, World Bank, UNEP, and UN-HABITAT ( lC40 and ICLeI . l2012[ ). 



However, for currently existing inventories a multitude of methodologies have 
been and are still in use, ranging widely in terms of the area, sector or 
emission(s) of interest, the precision of the methodologies applied, and in how 
far the inventories abided by the methodology and traceably documented the 
input, methods and findings in the published results. The literature and its 
urban emissions figures considered for this study reflect this heterogeneity 
which could be a source of dispersion. 

3. City emissions 

We group our database of 256 city emission inventories according to the 
country's GDP/cap, striving for a balanced number of cases in each of the 
five groups. Based on these groups, we begin our analysis by plotting the 
annual amount of CO2 emission (We always refer to annual figures and omit 
"annual" for simplicity) e against the corresponding city population s in 
Fig. [H In order to make the city emissions of different countries comparable, 
we divide by the emissions per capita of the corresponding countries. We 
find correlations which approximately follow power-laws according to 

e = as^ , (1) 

where a is a proportionality constant - for the linear case (7 = 1) it is identical 
to the emissions per capita. The exponent 7 determines how strongly the 
emissions increase with city size: 7 = 1 (linear) the larger the population, the 
more emissions; 7 < 1 (sub-linear) large cities emit less CO2 than expected 
from emissions per capita of small cities; and 7 > 1 (super-linear) large 
cities emit more CO2 compared to small ones. As mentioned above, similar 
power-laws h ave been found for other qu antities, i.e. crime, GDP, income. 



and patents fJBettencourt and Westl . I2OIOI ). In addition to the evaluation by 



the five country groups, we also estimated 7 for the three countries with more 
than 10 city inventories in our database: India (part of Group 2), UK (part 
of Group 4) and US (coincident with Group 5). 

The obtained exponents 7 of each group and country are plotted against 
the corresponding GDP per capita in Fig. HJ In the case of groups with more 
than one country, a weighted country GDP was calculated based on the 
number of occurrences of cities from each country in the group. The Figure 
suggests that countries with low GDP/cap values tend to exhibit 7 > 1 and 
countries with larger GDP/cap values tend to exhibit smaller 7, around or 
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Figure 1: City efficiency in terms of CO2 emissions. Per capita (annual) CO2 emissions 
versus population and regressions according to Eq. ([l]). The emission values have been 
normalized by dividing through the country emissions per capita. City emission figures 
have been sorted and separated into groups according to the GDP/cap of the countries, (a) 
Group 1 (i?2 = 0.65): Philippines (1), Bangladesh (4), Nepal (3). (b) Group 2 {R^ = 0.78): 
China (5), South Africa (1), Thailand (2), Greece (1), Sri Lanka (4), Slowenia (1), Czech 
Republic (1), Portugal (1), Spain (2), Mexico (1), South Korea (2), Indonesia (1), Brazil 
(3), India (42), Bhutan (2) and India (42, brown open triangles), (c) Group 3 {R^ = 0.79): 
Germany (4). Italy (4), Singapore (1), Belgium (1), Finland (1), Japan (1), France (1), 
Sweden (1). (d) Group 4 (R^ = 0.75): UK (35), Netherlands (1), Canada (4), Australia 
(1), Switzerland (1), Norway (1) and UK (35, grey open squares), (e) Group 5 (R^ = 0.92): 
USA (122). 
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Figure 2: Economic developnient and city efficiency in terms of CO2 emissions. Deter- 
mined exponents 7 from Eq. ([T|) versus the corresponding GDP per capita. For the same 
groups and countries as in Fig. [1] the obtained power- law exponents 7 are plotted against 
the weighted average of the country's GDP/cap. 



below 1. Notwithstanding the weak evidence, the question emerges if there 
is a difference in the scahng of developing and developed countries, i.e. if 
cities of (economically) developing countries tend to a super-linear relation 
between population and CO2 emissions (7 > 1), while cities of (economically) 
developed countries tend to a sub-linear relation (7 < 1). This would imply 
a transition at 7 ~ 1. In other words, in economically stronger countries, 
large cities tend to be more efficient and in economically weaker countries 
large cities tend to be more inefficient in terms of CO2 emissions per capita. 

4. Country emissions 

Relating emissions from cities to the emissions from an entire country 
could help to understand the drivers of emissions. In order to estimate the 
emissions of an entire country from the above relation between city size and 
emissions, it is necessary to take into account how many cities exist of each 
size including towns and village s. Such a relation charact erizing the size 



distribution of cities is Zipf 's law fjZipj . l2012t lAuerbachl . Il913[ ) which is based 



on empirical data and expresses that city sizes follow broad distributions, i.e. 
the probability density p{s) ^ s~^. For cities i t has been found that the Zipf 



exponent is C — 2, see e.g. (JRozenfeld et al.l . I2OIII ) and references therein. 



In addition to the assumptions over the size distribution of cities, we can 
assume that emissions from non-urban regions are negligible. 

Under this assumption, the total emissions of a country are given by the 
sum over the number of cities of certain size times the typical emissions of 
the corresponding city size. Assuming C ~ 2, we obtain E, the expression 
for the emissions from the considered country, 

izisl-l if7>l 
S~ {a\n{s^,^) if7 2^1 , (2) 



see 



Appendix A 



The three distinct cases are illustrated in Fig. [3] (in semi-logarithmic rep- 
resentation): 

7 > 1: The country emissions £" as a function of the size of the largest city 
In(sniax) have a concave shape. 



o 
a 



o 




population of largest city s^^^ 

Figure 3: Illustration of country emissions as a funetion of the population of the largest 
city, Sniax- The curves are given by Eq. (|A.4I) and (|A.5I) with C = 2 and constant a. 



7^1: E a.s a. function of ln(sr: 
Smax5 independent of 7. 



is linear. E increases logarithmically with 



7 < 1: E a.s a function of In(smax) has a convex shape. The emissions of 
a country are independent of the population of the largest city for 
sufficiently large Smax and approach an asymptotic constant value. 

In any case, the proportionality constant a remains. The exponent 7 reflects 
the development of the country and the special case 7 = 1 marks a transition 
performed by the countries while economically growing. 



5. Discussion 

The large number of people living and working in cities implies frequent 
human interaction, which in turn can have positive or negative facets. In 
the case of CO2 emissions a differentiated view is necessary. Depending on 
the development of the considered countries different processes seem to be 
responsible for more or less emissions. 

On a country scale, it was found that per capita CO2 emissions correlate 
exponentially with the deyeloprn ent as measured by the human development 
index (HDI) ( ICosta et al.l . 1201 ll ). Per capita CO2 emissions are determined 
by various factors. In addition to the type of energy sources and efficiency 
of devices, livelihood conditions and lifestyles play an important role. Out 
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of 16 elements used to describe livelihood conditions, the six elements water 
availability, nutrition, energy supply, housing/shelter, sanitation and social 
cohesion where found to be related to significant CO ? emissions, while th e 
other appear only loosely coupled to CO2 emissions ( iReusser et al.l l2013l ). 
Emissions are determined by a combination of advancement of technology 
and level of consumption. Thus, people in developed countries cause more 
emissions - despite advanced technology - simply due to their increased 
consumption of all kinds of resources and services. Per capita emissions are 
much higher in developed countries and adjusting for er nissions embodied in 
international trade further incre ases this discrepancy (jCaldeira and Davisl . 



201 ll : IPeters and Hertwichl . 120081 ). 



We do not know the reasons for the suggested 7-transition but the pro 
cesses seem to depend on the development of the con sidered country. A pos- 



sible ex planation c ould b e the allocation of facilties f lGastner and Newman 



20061). 



UrnetaL 



( 120091 ) find that commercial facilities exhibit linear and 
public ones sub-linear scaling with population. If one assumes that the fa- 
cility types differ by their emissions and that the development of the public 
sector is more or less pronounced, then different emissions scaling can be 
expected depending on the development of the countries. 

Another explanation could be a different structure of the city's economy 
shifting from industry to more services, which has been discu ssed as an im 



port a nt mechanism of carbon reduction due to modernization ( jLankao et al. 



20081 ). Such differences in the structure and change of the economies depen- 
dent on t he degree of devel opment and are evident at least on the scale of 
countries (JLutz et al.l |2013| ). The to-date data availability is insufficient to 
test if the structure of the city's economy is changing differently depending 
on the level of development. 

In addition to the above mentioned lifestyles and economic composition, 
the influence of city size can have positive or negative effects in terms of 
CO2 emissions. On the one hand, the compactness of cities implies shorter 
distances and accordingly less emissions from transport. While generally 
the transport system is better established in developed countries, the dis- 
tribution of developed and developing countries is inhomogeneous regarding 
the climate. On the other hand, the urban heat island effect is more pro- 
nounced in_Jarge_cities_but might depend on the climate where they are 



located ( IZhou et al.l . |2013[ ). whic h in turn can affe c t the heating and cool- 
ing behavior of people, see e.g. (jOlonscheck et al.l . I2OIII ). These are only 



two aspect which could lead to super- or sub-linear scaling depending on the 



development of the considered countries. 

Unfortunately, we can only provide poor evidence of a development de- 
pendent 7. The analyzed figures have been collected by various authors 
and we cannot exclude differences in the technical details of the invento- 
ries. This shows that the available data on city emissions is still insufficient 
and we urge a systematic r eporting of COo emiss ions from cities, for ex- 



ample as recently proposed (JC40 and ICLEll . |2012| ). We plan to verify our 



results in future research based on updated city inventories as they become 
available. The same holds for alternative data sources, such as the high reso- 



lution fossil fuel combustion CO2 emissions fluxes for the US ( iGurney et al.l . 



20091) or data from the Greenhouse gases Observing SATellite (GOSAT) 



(e.g. 



Tollefsonl . l2012h . 



(iHanimerling et al.U2012l) and local detailed GHG monitoring programmes 
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Appendix A. Derivation of Eq. (^ 

According to Zipf 's law the city sizes follow the probability density 

p{s) = CS~'^ (1 < S < Smax) , (A.l) 

where C is the Zipf exponent and c is a constant which is determined from 
normalization, 

C-1 



1 - s^^^ 

J- 'J max 



(A.2) 



and Sjnax is the population of the largest city. 

The total emissions of a country are given by the integral over the prod- 
uct of probability density of city sizes, Eq. (lA.ip . and the emissions of the 
considered city sizes, Eq. ([1]), 

E = p{s)e{s)ds = /cs-^as^ds, (A.3) 
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where E are the total emissions of a country. 

Using Eq. (IA.2P and putting factors outside the integral gives: 



1 - s^-^ J^ 

In order to integrate, one needs to distinguish two cases. 
First, 7 = C — 1 leads to 

a(C - 1) In(gmax) ,. .. 

E = -— xzc • (A.4) 

J- 'Jmax 

This means, the country emissions are determined by the constants a and ( 
as well as depend on the size of the largest city Smax- Second, j j^ ( — 1 leads 
to 

E = "^\ '{ '"^^'^ ^ / . (A.5) 

7-C + l 1-S^-ai ^ ^ 

Again, E is determined by the constants a and (, but in this case there is a 
power-law term of Smax instead of the logarithmic one. 

Equations (1A.4I) and ( JA.51) can be considered in the limit Smax ^ 1 leading 
to three different cases 

"(c-i) 7-c+i if -y > r - 1 

S= <'a(C-l)ln(s^ax) if7 = C-l- (A.6) 



"(C-i) 



if 7 < C - 1 



C-7-1 

For C > 1) ^^^ if W6 additionally assume C ^ 2, we obtain 




S~ <aln(s^ax) if7-l • (A.7) 
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